Objective: To develop a short measure of physical function for knee osteoarthritis (OA) using multi-national data from individuals with varying degrees of severity of knee OA.
INTRODUCTION
This paper is a companion to the publication by Davis et al 1 . The distinction is the latter's focus on osteoarthritis (OA) of the hip, while the present focus is on knee OA. The conceptualization, objective and methods of the studies are shared and the reader is directed to
Davis' et al publication for a detailed description of the background and methodology of the study. A brief synopsis is provided here.
OA, particularly of the hip and knee, is a major cause of disability globally [2] [3] [4] [5] . It has a high impact due to the prevalence and worsening of pain and physical functioning over time [6] [7] [8] [9] [10] , with concomitant reductions in independence and quality of life [11] [12] [13] .
To date, interventions for hip and knee OA-associated pain and loss of function have been predominantly focused on end stage OA, with total joint replacement (TJR) regarded as the most effective treatment for severe hip and knee OA 14;15 . However, due to its slow progression over time, studies intended to examine and understand the natural course of hip and knee OA, which may lead to TJR, have been limited. This lack of knowledge has made it difficult to assess the progression of OA severity and to test interventions that might alter the course of disease, pain and disability in these individuals. The use of 'time to TJR' as an endpoint is problematic as there is known variability in the decision to perform and undergo surgery [16] [17] [18] [19] [20] [21] . Understanding states of hip and knee OA is critical for a number of reasons, including improved definition of eligibility criteria for clinical trials, defining criteria for TJR and for evaluating outcomes from non-surgical intervention studies.
As described by Gossec et al 22 , and recognizing the need for an adequate measure of OA severity, an OARSI and OMERACT international working group was established to evaluate issues related to OA severity and to construct a composite measure capable of defining severity states in OA of the hip and knee. It was decided that three domains should be included in this composite measure of severity: pain, functional status and structural damage.
Our focus was the functional status component of this composite measure. 26 . The internal-consistency reliability of the ADL and Sport/Rec components were found to be 0.9 and 0.8, respectively, in the Swedish study 31 . The reliability, validity, and responsiveness of the physical function subscale of the WOMAC have been well studied and demonstrated in a number of studies across a range of patient groups and interventions and many of its psychometric properties are known 23;24;32 .
The Rasch one-parameter model, based on item response theory, has been used to construct, evaluate and shorten the structure of measures [33] [34] [35] . It is a probabilistic method that makes possible the examination of unidimensionality and ordering of items on a measurement continuum. This model is used to place items and persons on a common measurement scale.
Using the Rasch model, we analyzed raw WOMAC 3.0 and KOOS 2.0 data from individuals with knee OA accrued to North American and European studies, ranging from community cohorts to individuals awaiting total knee replacement surgery (TKR), with the aim of developing a short measure of OA-related physical function across the OA spectrum.
METHODS
A description of the sub-samples comprising our larger sample is presented in Table 1 .
Country contributions included Sweden (5 samples), Canada (4 samples), France (2 samples), Estonia (1 sample), and the Netherlands (1 sample). Individual study accrual methods have been described elsewhere (cited in Table 1 ). For those pre-TKR, patients were booked for their surgery and completed the questionnaires either as a part of routine care or in relation to a specific research study. The sample for Study 5 is made up of individuals from a knee OA clinical trial group, recruited from outpatient clinics. Ages for the combined sample ranged from 26 to 95 years and the ratio of males to females was 1:1.4; total n=2145. All data were based on the WOMAC Likert-type version 3.0 or KOOS Likert-type version 2.0 questionnaires. This secondary analysis was approved by the institutional ethics review board.
[ Table 1 ]
Analysis
The logistic function of the Rasch model specifies that the probability of an individual endorsing a particular item is dependent on the individual's ability and the difficulty of the item.
The Rasch model allows us to estimate person abilities, based on physical functioning, and item difficulties along a shared measurement scale. A linear, interval level scale is achieved with Rasch measurement. An extension of this model is the partial credit model 33;36;37 , appropriate for multiple response option data and where no assumption is made as to the equivalence of the difficulty of moving through item categories between items. All analyses were carried out using the partial credit model and RUMM 2020 software 38 .
Our iterative analyses commenced with an assessment of items in the total sample. The final items retained from the total sample were subsequently evaluated in four sub-samples, independently, to ensure that results were consistent. The sub-samples were characterised by relative OA severity and included only those for which an n ≥100 was available, to ensure sufficient sample size for testing within class intervals, and for which final selected items were available; the samples were the community sample (study no. 1, 2, and 3), OA cohort sample (study no. 5), OA biomarker sample (study no. 6) and the pre-TKR sample (study no. Item response categories were examined to determine if they produced sequentially ordered thresholds. Response categories were collapsed if misordered thresholds were found.
Rasch analysis allows for a determination of the undimensionality of a set of items based on goodness of fit statistics for each item. Item fit represents the consistency between observed and expected data. The data were considered to fit the Rasch model when individual item χ 2 probabilities were not significant, item residuals were small (absolute value < 2.5) and F-test statistics were not significant. Items displaying misfit were first evaluated for DIF.
Rasch modelling makes possible an evaluation of variation of item characteristics across different samples 33;41 , and therefore the construction of an invariant construct of functional status (i.e. free of DIF) that can be used to compare abilities and discriminate between levels of OA severity based on physical functioning. We evaluated DIF by age, gender and country. Age was dichotomized into <65 years of age and ≥65 years. Items displaying DIF were sequentially removed and not retained in subsequent iterative analyses. Throughout the analyses, qualifying items were removed one at a time and model and item fit re-evaluated.
Finally, principal component analysis of the residuals was carried out to ensure that remaining items conformed to a unidimensional construct. If unidimensionality holds, no factor structure should be found in the residuals. Person score estimates were compared based on subsets of items from this factor analysis. Scores were generated from independent sets of items, items with positive factor loadings of 0.30 and higher and items with negative factor loadings of -0.30 and lower. T-tests were used to compare the estimates and the percentage of tests outside + 1.96 (95% confidence interval) was calculated 42;43 .
To make the results of the present study applicable and practical in both research and clinical settings, we include a formula which can be used to convert a raw summed score of the final items to the equivalent Rasch-based person score. The formula was developed from the fitting of a cubic model, regressing Rasch-based person scores on the raw summated scores.
Only individuals with complete data on the final items (n=1154) were included in this analysis.
A table is provided whereby one can quickly determine the person score based on the raw summed scores. Table 2 presents summary measures of model fit from the first iteration of analyses for the total sample. With all 22 items included, the large standard deviations for the item fit residuals and the highly significant overall model χ 2 indicated poor fit of the data to the Rasch model. Except for item twisting/pivoting on injured knee, all items displayed misfit to the model, identified by a significant χ 2 or F-statistic probability (using a Bonferroni corrected p-value of 0.002) or a large residual (>2.5) (data not shown). Jumping was the only item that showed disordered thresholds and was therefore rescored.
RESULTS
The process of eliminating items, one at a time, and re-evaluating model fit at each iteration began with an evaluation of DIF for those items displaying misfit. As a consequence of finding significant DIF, eliminated items included sitting, lying in bed, getting in/out of bath/shower, and heavy household chores which showed DIF by both age and gender, and running, getting on/off toilet, ascending and descending stairs and standing which displayed DIF by age. Each of these items also displayed DIF by country. Finally, although not displaying DIF by age and gender, six further items showed DIF by country and were sequentially eliminated.
Along with the summary measures of model fit for the initial model, Table 2 also includes the same measures for three models evaluated in the process of arriving at the final, well-fitting model. These are included for illustration purposes to show the sequential improving model fit from initial to final model analysis.
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The internal consistency and reliability of the final model was very good with a person separation index of 0.904 (Tables 2 and3) . The seven items covered a wide range of difficulties with mean item locations (logit values) ranging from -1.3 for item squatting (the most difficult item) to 1.4 for item rising from bed (the easiest item) ( Table 3) ; threshold values ranged from - (Table   2 and Figure 2 ). As expected, the distribution of person scores (or abilities) along the underlying physical functioning measure captured by the seven items corresponded with the relative severity of OA. Thus, the distribution of abilities for the community sample, for example, was nearest the most difficult items, and the distribution for the pre-TKR sample (individuals with more difficulty) nearest the easier items. Figure 3 displays the distribution of Rasch-based person scores, scaled 0 to 100, by sample type.
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Finally, data for the seven items were tested for fit to the Rasch model in four subsamples. With some slight variations between samples, not unexpected due to sample severity differences, individual sub-sample results were consistent with total sample results, displaying a well-fitting model (Table 4) . No item misfit was detected in sub-sample analyses.
[ Table 4 ]
A scatter plot of the raw summed scores for the seven items and the Rasch-based person scores (or abilities) is shown in Figure 4 . Included as well in Figure 4 is the fitted curve from a cubic model estimation regressing the Rasch-based person scores on the raw summed score.
Model summary and coefficient estimates are presented in Table 5 , as are descriptives for the raw summed scores, observed and predicted Rasch-based person scores and residuals. Finally, Figure 5 displays the scatter plot of the observed and predicted person scores. Results presented in Table 5 and Figure 5 are consistent, and are indicative of the appropriateness of the cubic model for prediction purposes throughout the range of values.
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Results from the fitting of the cubic model (Table 5) Table 6 provides Rasch-based, model predicted person score estimates for values of raw summed scores. Predicted estimates are shown both in their original scale and rescored on a 0 to 100 scale.
[ Table 6 ]
DISCUSSION
The goal of this study was to develop a short measure of physical functioning for OA of the knee. Using data from individuals presenting with varying degrees of OA, from community samples to TKR candidates, and spanning a number of North American and European countries, we report that the Rasch model supports a short measure, the 7-item KOOS-PS (Appendix 1).
The items display consistency, with an underlying unidimensional construct, are free of differential item functioning based on age, gender and country, display overall reliability, and cover a range of physical functioning difficulty. As a result, a Rasch-based, interval level, single KOOS-PS score can be computed for individuals.
By virtue of the prolonged disease evolution of OA over time, the preponderance of measures available in the literature and in use clinically for knee OA have been specific to end stage, severe OA. This makes it difficult to assess the effectiveness of potential disease and symptom course-altering interventions. The work presented here, based on functional status, is a component step in the development of a useful measure to fill this gap. This short measure has the potential to be used to characterize OA states and establish criteria for surgery 22 , in combination with pain and structural damage components, for use in research and intervention studies, and by clinicians.
In recognition of the need to join together component, complimentary measures into a composite index, it was determined that the original 22 items were too long for defining physical function states for our purposes. As well, the number of items of the WOMAC physical function subscale in combination with its limited range in difficulty has raised issues of redundancy within the scale 29;44 . Also, the demand by regulators and the burden on study participants and clinicians, issues of feasibility and compliance, must be considered and balanced in the development of a measure. Increasing the parsimony of a measure must not compromise its validity and responsiveness. We tested the fit of the seven items retained from the total sample in individual sub-samples characterised by relative OA severity and report very reasonable fit in each of these samples, with minor variations between them and results from the total sample.
Further work and expert opinion are needed for validation studies and to define severity cut points to establish, for instance, common eligibility criteria for surgical intervention.
While additional studies are needed to evaluate potential item variations across additional cultures and OA groups, the compliment of countries, languages and OA-severity represented in this study give sufficient reason to believe that our short measure of physical functioning, based on accepted Rasch-based measurement methods, is generalizable, widely applicable, and feasible for use in both research and clinical settings. We have largely addressed the applicability requirements of the 'OMERACT filter' 45 in this study. However, as next steps, validation studies to define a cutpoint in the KOOS-PS, given its proposed use in a composite measure, and studies assessing the responsiveness of the KOOS-PS over time (i.e. measuring change) are needed. There was no involvement of the funding sources in the study design, data collection, analysis and interpretation of the data, in the writing of the manuscript or in the decision to publish the work. 
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